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Introduction
Over the last decade or so overwhelming experimental evidence has accumulated that casts some doubts on our understanding of the hadron spectrum so far. Specifically, at energies above the open charm production threshold a plethora of structures were seen in experiments which do not really fit into the standard picture that mesons are composed out of quark-antiquark pairs. For recent overviews and discussions of these structures, commonly referred to as X, Y and Z states, see for example [1, 2, 3] .
Among these structures is a state listed as X(4660) in the latest compilation of the Particle Data Group (PDG) [4] . This X(4660) (also known as Y(4660)) was seen in the reaction e + e − → π + π − ψ(2S ) [5, 6, 7] . Additionally, a structure called the X(4630) was seen in the reaction e + e − → Λ + cΛ − c [8] in a very nearby energy region. Finally, there is also an enhancement around 4660 MeV in the Λ + cΛ − c invariant mass measured in the reactionB → Λ + cΛ − cK [9] . Since the mass and width derived from a Breit-Wigner based fit to the e + e − → Λ + cΛ − c data yielded results that are consistent with those deduced from the π + π − ψ(2S ) channel it was already conjectured in Ref. [8] that the states in question could be the same. The subsequent works by Bugg [10] , Cotugno et al. [11] , and Guo et al. [12] took up this interpretation and tried to corroborate it with arguments and also with explicit calculations. Indeed, the PDG adopted likewise this point of view by listing the states under the same heading [4] . Note, however, that the statement "the states are not necessarily the same" is added. An entirely different issue is the dynamical origin of the state(s). While some studies assign the X(4660) to a regular cc charmonium state, for example to the ψ(6S ) [13] , or interprete it as tetraquark state [11] , others see in it a f 0 (980)ψ ′ bound state [14] . For yet another and may be somewhat unorthodox explanation see Ref. [15] .
In the present work we focus on the question whether the X(4660) and X(4630) could be indeed one and the same state -and leave the issue of the dynamical origin aside. While the background in the reaction e + e − → π + π − ψ(2S ) is fairly small and, therefore, one could argue that an extraction of the resonance parameters via a Breit-Wigner fit to the data [6, 7] might be justified, this definitely cannot be said for e + e − → Λ resemble a typical Breit-Wigner shape at all [8] . Moreover, assuming that the transition is mediated by one-photon exchange the Λ + cΛ − c will be either in the 3 S 1 or 3 D 1 partial wave. In the S wave strong effects from the final state interaction (FSI) are expected that will likewise influence the energy dependence of the cross section. Such FSI effect arise from the coupling to the resonance itself, but also from the residual interaction between the Λ + c andΛ − c , say due to possible t-channel meson exchange, on top of an s-channel resonance contribution.
The effects discussed above have been already considered in the arguments in Refs. [10, 12] and are to some extent also simulated in the numerical results presented there. However, since close to threshold a rather delicate interplay between the resonance and the residual interaction (sometimes also called background or non-pole contribution) has to be expected we believe that a more rigorous treatment is required in order to obtain quantitatively reliable results and solid conclusions. In recent studies of the reactions e + e − → pp [16] and e + e − → ΛΛ [17] near their respective threshold we have set up a framework that allows one to implement the FSI effects from the baryons in a microscopic way. This formalism can be applied straight forwardly to the e + e − → Λ + cΛ − c case as will be demonstrated in the present paper. Though no resonances are present in the two reactions above, a clear enhancement in the corresponding nearthreshold cross sections has been found in pertinent experiments. Our studies showed that a proper inclusion of the FSI effects within our formalism allows one to achieve an excellent description of the measured cross sections. In its application to e + e − → Λ + cΛ − c essential features such as the interplay between the pole and non-pole part of the potential but also unitarity constraints on the Λ + cΛ − c amplitude are implemented. Moreover, a reliable extraction of the pole parameters of the X(4630) resonance is possible, that does not rely on a Breit-Wigner parameterization, and these values can then be confronted with the resonance properties extracted from the e + e − → π + π − ψ(2S ) data. The paper is structured as follows: The ingredients of the Λ + cΛ − c potential that is employed for generating the FSI are summarized in Section 2. The potential involves contact terms analogous to those that arise in chiral effective field theory (EFT) up to next-to-leading order (NLO) and a contribution from a (bare) resonance. In addition, the relativistic Lippmann-Schwinger equation is introduced that is solved in order to obtain the Λ
c amplitude, and the equation for the distorted wave Born approximation that is used for calculating the amplitude for the e + e − → Λ
transition. In Section 3 we describe our fitting procedure. The free parameters in the Λ + cΛ − c potential mentioned above are fixed in a fit to the cross-section data for e + e − → Λ + cΛ − c by the Belle Collaboration [8] . An excellent reproduction of the experimental information can be achieved and is presented in Section 3 too. Furthermore, we extract the pole position of the X(4630) that results from our fits and provide an estimate for the uncertainty. Finally, we summarize our results briefly in Section 4.
Formalism
The principal features of the formalism employed in the present study of the reaction e + e − → Λ + cΛ − c are identical to the one developed and described in detail in Ref. [16] where the reaction e + e − → pp was analyzed. Therefore, we will be very brief here and focus primarily on aspects where there are differences. c transition amplitude The NN interaction as needed for a calculation of the timelike electromagnetic form factors of the proton near the pp threshold within the approach outlined in Ref. [16] is constrained by a wealth of empirical information from pp → pp and pp → nn scattering experiments. Specifically, there is a partial-wave analysis (PWA) available [18] . Indeed, in our investigation [16] we utilized a NN potential derived within chiral EFT [19] , fitted to the results of the PWA. With regard to the timelike electromagnetic form factors of the Λ the situation is somewhat different. Here the only constraints for the ΛΛ force are provided by FSI effects in the reaction pp → ΛΛ. That reaction has been extensively investigated in the PS185 experiment at LEAR and data are available for total and differential crosssections but also for spin-dependent observables [20] . In our study of the reaction e + e − → ΛΛ [17] we employed phenomenological ΛΛ potentials (based on meson-exchange) that were fitted to those PS185 data [21, 22] .
For the Λ + cΛ − c interaction there are no empirical constraints from hadronic reactions. In principle, one could follow the same strategy as done in Ref. [23] in an attempt to estimate the cross section for the reaction pp → Λ + cΛ − c and invoke SU(4) flavor symmetry to connect the Λ + cΛ − c interaction with the one in the ΛΛ system, see also Ref. [24] . However, in the present study we want to avoid to make any such basically phenomenological assumptions. Instead we aim at using the experimental information on the reaction e + e − → Λ + cΛ − c itself to constrain and fix the interaction in the Λ + cΛ − c system. We will see and discuss below in how far this is possible. 2
In the actual construction of the Λ + cΛ − c interaction we adopt chiral EFT [25, 26] as guide line and follow closely the procedure that has been already utilized in the derivation of our NN interaction [19, 27] . In this framework the potential is given in terms of pion exchanges and a series of contact interactions with an increasing number of derivatives. The latter represent the short-range part of the baryon-baryon force and are parameterized by low-energy constants (LECs), that need to be fixed in a fit to data. Since we treat the reaction e + e − → Λ + cΛ − c in the one-photon exchange approximation, the Λ + cΛ − c system can only be in the 3 S 1 and 3 D 1 partial waves. This limits rather strongly the number of LECs that need to be determined. Note also that there is no contribution from one-pion exchange because Λ + c (Λ − c ) has isospin I = 0. Given that the energy region of interest is in the order of 100 MeV we restrict ourselves to interactions up to NLO in the chiral expansion. In principle, at NLO two-pion exchange contributions involving intermediate Σ cΣc states arise. However, in view of the rather large mass difference M Σ c − M Λ c ≈ 167 MeV we assume that such contributions can be effectively absorbed into the contact terms.
The explicit form of the contact terms up to NLO is, after partial-wave projection [27] ,
with p = |p | and p ′ = |p ′ | the initial and final center-of-mass momenta of the Λ
Here, theC i denote the LECs that arise at LO and that correspond to contact terms without derivatives, the C i arise at NLO from contact terms with two derivatives. The term(s) right after the equality sign represent the elastic part of the Λ + cΛ − c interaction. The annihilation part is described likewise by contact terms but with a somewhat different form, in analogy to the treatment of NN annihilation in our chiral EFT potential [19, 27] . We refer the reader to Section 2.2 of Ref. [19] for a thorough discussion and justification for taking into account annihilation in this specific way. Here we just want to mention that the choice is dictated primarily by the requirement to manifestly fulfil unitarity constraints on a formal level. Note that in the expressions above the parametersC a and C a are real quantities. Since the Belle data suggest the presence of a resonance, the X(4630) [8] , we include also a resonance in the Λ
potential. It is done in form of a pole diagram representing a bare vector-meson resonance with the quantum numbers J PC = 1 −− and I = 0, corresponding to a ψ-type cc meson. Let us emphasize, however, that the introduction of such a pole diagram does not imply a bias for the dynamical origin of this resonance which is still controversally discussed in the literature [10, 11, 12, 15] . We are here only concerned with the interplay of such a resonance structure (whatever its origin is) with the non-resonant part of the Λ + cΛ − c interaction and its consequences for the shape and the actual position of the (physical) pole.
The potential is derived from the following Lagrangian that describes the coupling of a vector meson to the
with Ψ and φ representing the fields of the Λ + c and the vector meson, respectively. The resulting potential after partial wave projection is of the form [28] 
3 where
, and E = √ s is the total energy. The quantity m V denotes the mass of the resonance, and g V and f V are the vector and tensor coupling constant, respectively. These are bare quantities and aquire their physical values by solving the Lippmann-Schwinger equation, see below.
The coupling between the e + e − and Λ + cΛ − c systems is constructed in close analogy to our treatment of the photon coupling in pion photoproduction [29] . First we have a contact interaction, which actually corresponds to the situation considered in our studies of e + e − → pp and e + e − → ΛΛ, and stands for a coupling via photon exchange. In addition, a direct coupling of the e + e − pair to Λ + cΛ − c via the bare resonance is included. Thus, the Born amplitude for the transition e + e − → Λ + cΛ − c is described by
The quantities G ee and g ee represent the strengths of the coupling via a contact term and the bare resonance, respectively. The notation is chosen in such a way that the non-pole contribution in Eq. (4) matches the one in the corresponding Eq. (6) of Ref. [16] . 
Scattering equation
with E = √ s. The potential V is the sum of contact terms, Eq. (1), and the pole diagram, Eq. (3). The scattering 
with k e the on-shell momentum of the e + e − pair and [16] . The potential V that is inserted into the LS equation (5) needs to be regularized in order to suppress highmomentum components [25] . Following Refs. [26, 27] we do this by introducing a regulator function with a cutoff mass. Since the contact interactions are non-local, cf. Eq. (1), a non-local regulator is applied. Its explicit form is [27] (6) and, therefore, the corresponding contributions are likewise cut off. For the cutoff mass Λ we consider a range similar to the one regarded in Ref. [27] . Specifically, we employ values between 0.45 GeV and 0.85 GeV. Following [26] , the exponent in the regulator is chosen to be m = 2.
We use the Λ + c mass M Λ c = 2286.46 MeV [4] so that the Λ + cΛ − c threshold is at √ s = 4572.92 MeV. As in Ref. [16] we neglect the Coulomb interaction between the Λ + cΛ − c when solving the LS equation but include its effect via the Sommerfeld-Gamow factor in the evaluation of the cross section. In general, we use the speed plot to determine the pole position. However, for the case of an elastic Λ + cΛ − c interaction one can determine the pole also by an analytical continuation of the T matrix to the second Riemann sheet, by exploiting that zeros of the S -matrix on the first sheet correspond to poles on the second sheet. Doing so we can check the reliability of the results obtained from the speed plot.
Results

Fitting procedure
The parameters of the Λ + cΛ − c potential are determined in a fit to the e + e − → Λ + cΛ − c cross section of the Belle Collaboration [8] . This concerns the LECs, see Eq. (1), but also the bare parameters of the resonance, m V , g V , and f V . In the fit we consider data up to a kinetic center-of-mass energy of 100 MeV in the Λ + cΛ − c system, which corresponds to √ s ≤ 4.68 GeV. Based on our experience with e + e − → pp and e + e − → ΛΛ, we expect the (electro-magnetic) couplings to the e + e − system (G ee , g ee ) to be practically constant over that energy range so that they amount just to normalization factors. With the above choice the data set comprises the first 6 points from Belle. However, since the point at the lowest energy is below the nominal Λ + cΛ − c threshold it is not explicitly included in the least square minimization. Here we only make sure that our result at the threshold lies well within the pertinent bin. Note that the cross section for e [16] . For the analysis of the Belle data we consider a variety of fit scenarios. First of all, we explore in how far our results depend on the regularization procedure. For that we perform fits for a selection of cutoff masses between 0.45 and 0.85 GeV, so that we cover an even wider range as considered in the NN [26] and NN [27] studies. We perform also fits with a different number of contact terms in the Λ ). Finally, we consider the cases where the e + e − state couples to the Λ + cΛ − c system only via the resonance and where it couples also directly via the photon, which corresponds to a contact interaction in our formalism.
In exploratory fits we included also the contact terms C ε 1 , C a ε 1 that introduce a 3 S 1 -3 D 1 coupling. However, it turned out that the Belle data [8] do not allow one to fix those terms and results with or without them were practically indistinguishable. Thus, we set them to zero. The same is also the case with the tensor coupling constant f V of the pole diagram, cf. Eq. (3), so that we put f V = 0 in our analysis.
In a first series of fits we included only the contact termC3 S 1 , corresponding to a purely elastic Λ + cΛ − c potential at LO, together with the pole diagram and varied the cutoff mass Λ. The resulting cross sections are displayed in Fig. 1 for the cases where the e + e − system couples either only via the resonance to Λ + cΛ − c (left side) or also via a contact term (right side). The numerical values of the parameters are compiled in Table 1 . In a second series of fits we added more and more terms in the contact interaction, allowing not only for elastic scattering but also for annihilation in the Λ + cΛ − c channel. Here the cutoff mass is kept the same for all interactions and fixed to Λ = 0.75 GeV. The resulting cross sections are displayed in Fig. 2 , again for the cases where the e + e − system couples either only via the resonance to Λ + cΛ − c (left side) or also via a contact term (right side). The numerical values of the parameters are compiled in Table 2 .
Discussion of results
The results presented in Figs. 1 and 2 attest that the Belle data can be reproduced rather well over the fitting range within all scenarios considered. Differences in the cross sections appear mainly at higher energies. There is also some variation around the maximum, where the fits that include a non-pole term in the electromagnetic coupling reproduce the peak value and the subsequent sharp drop in the cross section visibly better. Note that in the course of our study we have also performed extended fits where all data points up to 4.75 GeV were included (though by giving less weight to the data at higher energies). Those led to results that are practically identical to the ones shown in Figs. 1 and 2 . Let us discuss the results more thoroughly and, to begin with, look at the cutoff dependence. There are still noticeable variations in the scenario where only the coupling via a pole term is considered (upper part of Table 1 ). Specifically, there is an observable deterioration in the achieved χ 2 with increasing cutoff mass. Moreover, there is a pronounced variation of the Λ + cΛ − c 3 S 1 scattering length a. On the other hand, the resonance parameters themselves are less sensitive to the cutoff. The variations of the resonance parameters, given in terms of the real and imaginary part of the pole position in Table 1 , are in the order of 10 MeV or so. Evidently, once a non-pole contribution is added the cutoff dependence is remarkably reduced, cf. the lower part of Table 1 . First, now the achieved χ 2 is practically the same for all cutoffs. The variation in a is much smaller and, actually, within the expected uncertainty for the determination of the scattering length from an FSI analysis estimated in Ref. [30] on general grounds. Finally, the variation in the resonance mass is only about 2 MeV, and around 8 MeV for the width. We interprete these variations as the inherent systematic error of our analysis.
Results considering variations of the Λ + cΛ − c interaction are summarized in Table 2 . Since the influence of the cutoff has been established above, we show only results for a fixed cutoff value, namely for Λ = 0.75 GeV. Again, fits that include either a pole term alone or a pole and a non-pole coupling to e + e − have been performed. However, in view of the preceding discussion we expect primarily the latter scenario to provide reliable and physically meaningful results. Indeed, again practically the same χ 2 could be achieved, independendly of whether just a single term (elastic) Λ + cΛ − c interaction is employed or one with 4 LECs that involves contributions to the elastic part and annihilation up to NLO. Actually, now also the resulting scattering lengths are fairly close together, at least for the first three Λ + cΛ − c potentials. Only for the one with 4 LECs there is a striking difference. It has to be said, however, that in this particular fit we have tried intentionally to increase annihilation as much as possible -in order to explore possible consequences for the resulting scattering length but also the pole position. to the strength of annihilation, cf. the corresponding results in the lower part of Table 2 . Utilizing these variations as basis for estimating the uncertainty of the resonance parameters of the X(4630) we arrive at M = (4652.5 ± 3.4) MeV and Γ = (62.6 ± 5.6) MeV. These values have to be compared with the ones from the Belle fit which are M = 4634
MeV and Γ = 92
Though our results agree with the ones of Belle within the given uncertainties, the central value of the resonance mass extracted from our analysis is clearly shifted upwards by about 20 MeV as compared to the one from the Breit-Wigner fit, while the width is signficantly smaller. The latest results for the X(4660) from measurements of the π + π − ψ(2S ) channel are M = (4652 ± 10 ± 8) MeV and Γ = (68 ± 11 ± 1) MeV (Belle [7] ), and M = (4669 ± 21 ± 3) MeV and Γ = (104 ± 48 ± 10) MeV (BaBar [6] ). Obviously, there is a remarkable agreement between our X(4630) parameters determined from e + e − → Λ + cΛ − c data with the ones extracted by Belle for the X(4660) in the e + e − → π + π − ψ(2S ) decay. The X(4660) parameters given by BaBar are somewhat different, but one has to take into consideration that the uncertainties are much larger in the latter determination. An overview of the resonance parameters is provided in Table 3 .
We do not include the Λ [9] suggests the presence of a Ξ c resonance in that channel around 2930 MeV. See also the related discussion in Ref. [14] . Further complications for an analyis are the relatively low statistics of the data and the fact that Λ + cΛ − c FSI effects could come not only from the 3 S 1 but also from the 1 S 0 partial wave, because parity is not conserved in this decay so that theK can be in an s-or p wave. present analysis Belle [8] Belle [7] BABAR [6] 68 ± 11 ± 1 104 ± 48 ± 10 Table 3 : Overview of resonance parameters for the X(4630) and X(4660), respectively. 
Outlook on the Λ c electromagnetic form factors
One of the motivations for measurements of reactions like e + e − → pp and e + e − → ΛΛ is that one can determine the electromagnetic form factors of the corresponding baryons in the time-like region [31] . This applies also to the Λ + c . Indeed, recently a new measurement of the reaction e + e − → Λ + cΛ − c has been performed by the BESIII Collaboration [32] and first results for the ratio of the Λ
